INTRODUCTION
Rivi~re et al. (1977, 1980) have established a link between interferon induction and mortality of new-borne mice infected with lymphocytic choriomeningitis (LCM) virus. They found that up to 80% of the outbred Swiss mice infected within 24 h after birth with the Pasteur Institute strain of LCM (CIPV 76001) died within 8 to 21 days. Treatment with anti-interferon serum 6 h before and again 3 days after infection not only abolished the transient appearance of interferon normally seen between days 3 and 4 after infection (Rivi~re & Bandu, 1977) , but also markedly lowered mortality. Furthermore, by using mice that were low, intermediate, or high interferon responders to LCM infection (Balb/c, Swiss and C3H respectively), they were able to demonstrate a direct correlation between the severity of disease and the degree and duration of interferonaemia. Rivi~re et al. (1980) also found a correlation between severity of disease and the degree of liver damage. The role of the immune system in the rapid-onset disease among newborn mice, an area intensely investigated in the adult system, is not clear. Doyle et al. (1980) , while investigating the cause of low survival rates of LCM-infected newborn C3H mice, established that the generation of virus-specific cytotoxic T lymphocytes (necessary for the rapid death of adult intracerebrally infected mice) or natural killer cells did not occur.
In this communication we show that interferon is associated with rapid convulsive death of intracerebrally (i.e.) infected adult mice. Unlike the neonatal system, our data indicate that the severity of the disease depends not so much on the strain of mouse used or the degree of interferonaemia, but on whether or not the virus has the capacity to induce interferon.
METHODS
Mice. Three-to four-week-old female Balb/cByJ, CBA/CaJ and C3HeB/FeJ mice were obtained from the Jackson Laboratory (Bar Harbor, Me., U.S.A.). Outbred 12 to 14 g female ICR mice were from Blue Spruce Farms (Altamont, N.Y., U.S.A.). The Veterinary Resources Branch, Division of Research Services, N.I.H. supplied 20 to 25 g female NIH Swiss and C3H mice.
Virus. LCM viruses exhibiting 'docile' and 'aggressive' disease-inducing syndromes (Jacobson & Pfau, 1980) were cloned from plaques resulting from inoculation of MDCK cells with the blood of persistently infected ICR mice. These mice were injected as neonates with a UBC strain of LCM having a long history of tissue culture passage in our laboratory (Pulkkinen & Pfau, 1970) . LCM virus-containing sera and brain homogenates were obtained and processed as outlined previously (Stella et al., 1974) . The origins of the encephalomyocarditis virus (EMCV) and vesicular stomatitis virus (VSV) have been described previously (Ramseur & Friedman, 1977) . The Indiana strain of Newcastle disease virus (NDV) was from the National Institutes of Health, Bethesda, Md., U.S.A.
Cells. LCM virus stocks were grown, and plaque-titrated, in MDCK cells (Dutko & Pfau, 1978; Jacobson et al., 1979) . Ly cells, a line of L cells particularly sensitive to interferon, were originally obtained from Dr J. Youngner (Ramseur & Friedman, 1977) . All cells were grown and maintained as previously described.
Interferon assay. Some of the 96 wells in a tissue culture cluster plate were seeded individually with 104 Ly cells. At the same time twofold dilutions of reference or unknown interferon stocks were added to the wells. The volume of fluid in each well was maintained at 0.1 ml. Twenty-four h later the fluids were withdrawn, the monolayers washed and infected with either EMCV or VSV at a multiplicity of infection (m.o.i.) of 1. Endpoints for the reference and unknown interferon stocks were taken as the highest dilutions that would protect 50% of the cells in a monolayer 48 h after infection with these highly cytopathic viruses. In most titrations the 50% endpoint was reached with 30 to 40 international units of interferon. However, this could vary from 10 to 100 international units. Thus, titres given in the text as < a specific number indicate lack of detectable interferon in terms of the reference interferon protection against cell destruction for that day. Reference interferon stocks were either from Calbiochem-Behring or secondary working standards calibrated against a WHO International Standard obtained from the Research Resources Branch, NIH. The samples to be titrated for interferon activity were pooled sera from two or three mice which had been dialysed overnight against pH 2 buffer and then re-dialysed to pH 7.
Interferon inducers. Poly(rI).poly(rC) was obtained from either Dr P. Torrence, Laboratory of Chemistry, National Institute of Arthritis, Metabolic and Digestive Diseases, N.I.H. or Calbiochem-Behring Corp., San Diego, Ca., U.S.A. ~l'ilorone hydrochloride (2,7-bis[2-(diethylamino)ethoxy]fluoren-9-one) was from Dr R. F. Krueger, Merrell-National Laboratories, Cincinnati, Ohio, U.S.A. Compounds were diluted to working concentrations with phosphate-buffered saline without calcium or magnesium (pH 7.2). * Groups of 10 to 12 female mice, weighing between 18 and 24 g each, were injected i.c. with 0.03 ml of virus strains causing either the aggressive or docile disease pattern. In the former case the virus inoculum was 1200 p.f.u, and in the latter it was 600 p.f.u. Mice were counted daily and spun by the tail beginning on day 5 post-infection. On day 3 and 4 post-infection two or three mice were bled from the ophthalmic venous plexus using heparinized Pasteur pipettes.
~" Mean day of death (calculations based on the number of mice dead when the experiment was terminated 21 days after infection).
$ Days 3 and 4 post-infection serum interferon levels as mouse international units/rnl.
RESULTS

LCM disease patterns and serum interferon levels
Adult outbred Swiss mice and inbred C3H mice (both from N.I.H.) were injected with either of two LCM strains easily recognized by the disease pattern they produced (Jacobson & Pfau, 1980) . After about 5 days, mice of either strain injected with the aggressive strain of virus developed a nondescript illness with ruffled fur, hunched posture and inactivity. If disturbed, particularly when spun by the tail, animals would go into clonic convulsions which frequently terminated in tonic extension of the hind legs and death. Greater than 90 % of the mice eventually showed this 'aggressive' syndrome and died between 6 and 9 days after virus inoculation. In contrast, the most striking feature of the disease induced by the docile strain of virus was that most mice died in a non-convulsive manner, usually 2 to 4 weeks after infection. Death appeared to be a consequence of progressive exhaustion and deterioration and will be referred to as the docile syndrome. A small number of mice, usually less than 20%, infected with docile virus died convulsively between the 7th and 9th day after infection. The experiment presented in Table 1 shows that injection with the aggressive strain of virus was associated with interferon production, while the virus strain causing the docile syndrome appeared to lack the ability to induce detectable interferon by day 4 post-infection.
Static LCM disease patterns in various inbred strains of mice
The use of adult inbred mice has been critical in understanding the immunopathological basis of acute disease following i.c. injection of LCM virus (Zinkernagel & Doherty, 1977) . Since interferon is now well recognized as a multi-potent modulator of the immune system (Schultz, 1980; Stewart, 1979 b; Sonnenfeld, 1980) , it was considered important to determine if the pattern of docile and aggressive disease caused by the two LCM isolates could be duplicated in several inbred strains of mice. The results in Table 2 show that in four strains of mice the aggressive virus caused 100% mortality within 8 to 9 days after infection. On the other hand, during a 28 day observation period, docile virus caused from 0 to 56 % mortality among the different mouse strains. * Groups of five to nine female 3-to 4-week old mice were injected i.c. with 1800 p.f.u, of aggressive or 300 p.f.u, of docile virus. Lowering the inoculum of aggressive virus to 300 p.f.u, had little or no effect on the outcome of the infection. Mice were observed as noted in Table 1. t % Dead. $ Mean day of death (experiment terminated 28 days after injection). * Three-hundred p.Lu. of either docile or aggressive LCM virus strains were injected i.c. into both C3HeB/FeJ and Swiss (ICR) mice. At the indicated 24-h intervals after infection, brains were removed from two mice infected with each type of virus. They were homogenized and plaque-titrated separately, and the results averaged (the difference in plaque titres between one brain and the other was never more than twofold).
Aggressive and docile virus replication in the brains of two strains of mice
A possible explanation for the inability of docile virus to induce a detectable level of interferon within 4 days after infection was that there was delayed or insufficient virus replication. In fact, it was the aggressive virus which displayed these characteristics (Table 3) . Virus was not detected in the brains of C3H mice infected with aggressive virus until the 3rd day, and even then titres were only 25 % of that found on the 2nd day after infection with docile virus. Furthermore, docile virus titres in the brains of Swiss mice were 20-fold higher than those of aggressive virus on the 4th and 5th day after infection.
Effect of synthetic interferon inducers on mice infected with docile virus
To strengthen the hypothesis that interferon synthesis is linked to the pathogenic mechanisms leading to the aggressive disease pattern, ICR mice infected with docile virus were injected with either poly(rI), poly(rC) or tilorone hydrochloride. These well known interferon inducers produced a dramatic change in the outcome of disease. The initial experiments were with poly(rI), poly(rC). Mice received either 500, 100 or 20/~g on the 3rd day after infection, the time at which interferon first appeared in the serum of mice infected with aggressive virus. The data in Table 4 show that interferon was induced in approximate proportion to the concentration of poly(rI).poly(rC) used. Second, interferon induction was associated with a greater death rate as well as a shortened (by at least 30 %) life span. Third, interferon induction changed the pattern from docile to aggressive. In the next experiment, mice infected with the docile strain of LCM virus were injected at different times with a fixed dose of poly(rI).poly(rC). Twenty/~g/mouse was chosen because the primary interferon response was similar to that shown when mice were injected with the aggressive Fig. 1 . Conversion of docile to aggressive disease by poly(rl).poly(rC). The general protocol as given in Table 3 was followed except that: 3600 p.f.u, of either strain of LCM virus were used; a fixed dose of 20/~g/mouse of poly(rl).poly(rC) was used; and 12 mice were in each group. One group of mice was given virus causing the aggressive disease, while four groups received virus causing the docile disease. Three of the latter groups received poly(rI).poly(rC). O, Aggressive virus; A, docile virus; L docile virus + poly(rl).poly(rC) on day 1; IZ1, docile virus + poly(rI).poly(rC) on day 3; A, docile virus + poly(rI).poly(rC) on days 1 and 3. Any mice dying before the 4th day after virus infection (never more than one in any group) were excluded from later calculations. * Groups of six to eight female ICR outbred mice were injected i.c. with 1200 p.f.u, of the LCM strain causing a docile pattern of disease. Seventy-two h later mice in specific groups received a single 0-1 ml intraperitoneal injection of either 500, 100 or 20 pg poly(rI), poly(rC). "~ Measured 6 h after injection of interferon inducer. :~ Mean day of death (experiment terminated 21 days after infection).
virus (Table 1) . It can be clearly seen in Fig. 1 that two injections of poly(rI).poly(rC) had a cumulative effect on LCM virus pathogenesis. Injection of the compound on day 1 or day 3 after infection with docile virus led to almost identical changes in the pattern of disease: convulsive and rapid death in about 60% of the mice. However, when poly(rI).poly(rC) was given on both days, 100% of the mice died according to the schedule observed with mice infected with the aggressive virus. Injection of poly(rI), poly(rC) into uninfected mice induced interferon but caused no visible disorder. Tilorone hydrochloride, another compound known to cause rapid appearance of interferon in the serum, was given to mice by intubation on the third day after infection with docile virus. Twenty-four h after administration the level of interferon in the serum was 2500 units/ml. As shown in Fig. 2 the aggressive pattern of death was observed in mice treated with tilorone. The results were comparable to those seen with a single dose of poly(rI).poly(rC) at 500 /~g/ml, although the interferon level was considerably higher. Injection of tilorone into uninfected mice caused no visible effects over a 4 week period. Table 3 was followed except that 300 p.f.u, of either aggressive or docile virus was used. Three days after infection with docile virus tilorone hydrochloride was given by intubation at a dose of 250 mg/kg. ---, Aggressive virus; O, O, docile virus experiment 1 and 2; A, A, docile virus + tilorone experiment 1 and 2. * The general protocol was that given in Fig. 3 . Mice were injected with NDV on day 1, or day 1 and 3, after LCM infection. Serum was taken 4-5 h after the last NDV injection. Mice infected with docile virus alone were bled on the 3rd day after infection.
Effect of Newcastle disease virus on mice infected with the docile strain of LCM virus
Since the synthetic interferon inducers caused a rapid change in the LCM disease pattern, the same type of experiment was performed with a virus inducer. NDV was chosen for several reasons (see Discussion), one of which was that it is one of the best interferon inducers in mice (Stewart, 1979a) . The data presented in Table 5 show that NDV was indeed a potent interferon inducer both in normal and docile virus-infected mice giving titres 50-to 100-fold higher than those provoked by aggressive LCM virus. On the other hand, a second injection of NDV 2 days after the first produced a striking interferon hyporesponsiveness, a phenomenon first observed for NDV by Gresser et al., (1969) . The effect of NDV injection on disease conversion is shown in Fig. 3 . Once again induction of interferon caused the disease conversion from docile to aggressive. Of particular interest was the effect of the interferon hyporesponsiveness elicited by the second injection of NDV. Whereas one injection of NDV led to eight out of eight mice dying convulsively with a mean day of death of 9.7, two injections of NDV resulted in a protracted death of six of the eight mice (a mean day of death of 11 over a 24 day observation period). Injection of NDV into uninfected mice caused no visible effects over a 4 week period.
Interferon levels in mice infected with independently cloned aggressive and docile virus isolates
All the previously described studies were carried out with two isolates from the blood of one persistently infected mouse. To show that the link between virulence and interferon induction was not a chance phenomenon, other docile and aggressive viruses were isolated from five different persistently infected mice which were 5, 8, 9, 10 and 40 weeks old. Using the observation that aggressive viruses usually form pinpoint plaques on MDCK cells while docile viruses form much larger plaques (Jacobson & Pfau, 1980) , 18 virus stocks were grown from excised plaques (Jacobson, 1980) . Of the eight that were injected into mice, three proved to be aggressive while five had docile characteristics. Two isolates of each type were then reinjected into mice so that the interferon response could be determined. The data in Table 6 show that the aggressive types had significant levels of interferon in their blood while the docile types either had none or an amount just above the level of detection.
DISCUSSION
The importance of interferons in clearing virus infections from adult mice has been repeatedly demonstrated (Stewart, 1979a) . However, just as the T cell response against i.c.-injected LCM virus is lethal, so also may be the induction of interferon. Certainly there is no evidence that interferons are beneficial. Guillon & Gresser were unable to influence the course of neurological disease in adult mice infected with an aggressive strain of LCM virus with administration of 800000 units of interferon daily for the first 5 days after infection (quoted as personal communication in Saron et al., 1980) . Our results with the interferon inducers poly(rI).poly(rC), tilorone hydrochloride and NDV also lend no support to the therapeutic effect of interferon in LCM infection. Quite the opposite happened, each interferon inducer causing the docile virus to behave as if it were an aggressive one. Mention should also be made of the observations of Hotchin (1962) and his colleagues (Seamer et al., 1961) that Eperythrozoon coccoides and bacterial endotoxin accelerated death in i.c.-infected adult mice. Although not recognized at that time, both are now known to be interferon inducers (Stewart, 1979a) . Furthermore, cortisone, an inhibitor of interferon (Stewart, 1979a) , was found to delay LCM virus pathogenesis (Hotchin & Cinits, 1958) . The rapid toxic effect of poly(rI).poly(rC) observed by Saron et al. (1980) does not appear similar to, or contradict, our findings. They found that mice injected intravenously with the compound, s. JACOBSON, R. M. FRIEDMAN AND C. J. PFAU on the 2nd to the 4th day after infection with an aggressive strain of LCM virus, developed diarrhoea within 1 h and died 4 to 8 h later.
Our results suggest, but do not prove, that there may be a key role for interferons in the aggressive disease syndrome in LCM virus-infected mice. In view of the increasing clinical use of interferons it seems worthwhile to speculate about settings in which interferon therapy could promote pathogenesis. The possibilities to be considered here centre around what is known about the involvement of the immune system in the LCM disease process. In the immunologically compromised (by whole body X irradiation or cytotoxic drugs) adult mouse injection of aggressive LCM virus by the i.c. route does not cause neurological disease and death. Under these conditions selective reconstitution of the immune system has shown that the disease is caused not by the antiviral antibody response, but rather by the effector T cells generated against the virus infection, and then only if the effector cells recognize both viral and major histocompatibility complex (H-2) antigens on individual target cells of the recipient (Zinkernagel & Doherty, 1977) .
Interferons could affect the immunological target cells in a number of ways. (i) By enhancing the expression of H-2 surface antigens (Lindahl et al., 1973) . (ii) By enhancing expression of virus antigen on the cell membrane by preventing virus budding, as has been shown for murine leukaemia virus and VSV (Maheshwari & Friedman, 1980) . In this regard it is interesting to note that amantadine hydrochloride, an antiviral drug which prevents release of infectious LCM virus from tissue culture cells (Welsh et al., 1971) , hastens the death of LCM virus-infected mice and Junin virus-infected guinea-pigs (Pfau, 1975) . (iii) By restricting the target area to the brain. It could be that docile virus, unimpeded by interferon, spreads throughout the body and replicates extensively, with the result that the T cells are recruited to many infected tissues. This dilution of the effector cell population (if indeed docile virus initiates a T cell response) could result in less damage to the brain. Gilden et al. (1972) and later Zinkernagel & Doherty (1979) have postulated that the extent and relative distribution of immunological targets and lesions are all important in the outcome of LCM infection.
Another possibility is that interferons could exacerbate this disease process by their ability to increase the specific cytotoxicity of effector lymphocytes (Lindahl et al., 1972) as well as by enhancing the expression of histocompatibility antigens on their surfaces (Vignaux & Gresser, 1977) .
A further possibility is that aggressive viruses, through their ability to induce interferons, could selectively activate macrophages (Schultz, 1980) . Poly(rI). poly(rC), tilorone and NDV activate macrophages (Schultz, 1980) , and infiltration of both macrophages as well as lymphocytes characterizes the pathological lesions observed in the meninges and choroid plexus of adult mice infected i.c. with LCM virus. It may be important to determine the mechanisms which link acceleration of LCM pathogenesis to interferon or interferon inducers because they could possibly enhance or incite human disorders in which immunological recognition of infected targets is the cause of disease.
